ABSTRACT: Scattering-type scanning near-field optical microscopy (s-SNOM) and Fourier transform infrared nanospectroscopy (nano-FTIR) are emerging tools for nanoscale chemical material identification. Here, we push s-SNOM and nano-FTIR one important step further by enabling them to quantitatively measure local dielectric constants and infrared absorption. Our technique is based on an analytical model, which allows for a simple inversion of the near-field scattering problem. It yields the dielectric permittivity and absorption of samples with 2 orders of magnitude improved spatial resolution compared to far-field measurements and is applicable to a large class of samples including polymers and biological matter. We verify the capabilities by determining the local dielectric permittivity of a PMMA film from nano-FTIR measurements, which is in excellent agreement with far-field ellipsometric data. We further obtain local infrared absorption spectra with unprecedented accuracy in peak position and shape, which is the key to quantitative chemometrics on the nanometer scale. SECTION: Spectroscopy, Photochemistry, and Excited States R adiation in the infrared (IR) and terahertz (THz) spectral regions is sensitive to molecular and electronic properties of matter, which makes it an excellent instrument for nondestructive identification and characterization of materials. Fourier transform infrared spectroscopy (FTIR) is thus a powerful and widely used technique for chemical materials identification based on IR fingerprint absorption spectroscopy.
R adiation in the infrared (IR) and terahertz (THz) spectral regions is sensitive to molecular and electronic properties of matter, which makes it an excellent instrument for nondestructive identification and characterization of materials. Fourier transform infrared spectroscopy (FTIR) is thus a powerful and widely used technique for chemical materials identification based on IR fingerprint absorption spectroscopy. 1 Likewise, IR ellipsometry 2 or impedance spectroscopy 3 can be utilized to measure the dielectric permittivity of a sample. Together, these techniques provide a complete identification and characterization of optical properties of a sample. However, the spatial resolution in both techniques is limited by diffraction to about half of the illumination wavelength λ, limiting their application potential in chemistry, biology, nanoscience, and the semiconductor industry, where the examination of single nano-objects is often desired.
The diffraction limit can be circumvented by scattering-type near-field optical microscopy (s-SNOM), which provides wavelength-independent nanoscale resolution even at IR and THz frequencies. 4 s-SNOM is a scanning probe technique often based on atomic force microscopy (AFM). In addition to the sample topography, s-SNOM yields optical amplitude and phase images, obtained by interferometric detection of the radiation scattered from the illuminated probe (typically a sharp metalized AFM tip). The scattered radiation depends on the near-field interaction between the tip and the sample, thus providing access to the optical properties of the sample at the nanoscale (we further refer to such properties as local). 5−15 By employing broad-band illumination and performing Fourier transform spectroscopy of the tip-scattered light, s-SNOM enables local spectroscopy (nano-FTIR) of plasmons and phonons, 16−19 (bio)minerals, 20 and polymers 21, 22 with less than 20 nm spatial resolution. It has been further shown that the local chemical identity of a polymer can be obtained by direct comparison of nano-FTIR spectral features with conventional FTIR spectra. 21 While being successful in such spectroscopic material identification, quantitative measurements of the local permittivity of a sample, analogously to what is achieved with far-field ellipsometry or impedance spectroscopy, has so far proven elusive in s-SNOM and nano-FTIR.
Here, we present a technique for the quantitative determination of the local dielectric permittivity from s-SNOM data, which provides 2 orders of magnitude improvement in spatial resolution compared to far-field measurements. The key to this achievement is a theoretical treatment that allows for an analytical inversion of the near-field scattering problem. The technique is applicable to important material classes (which we refer to as weak oscillators), such as polymers and organic matter, and is suitable for processing s-SNOM data obtained by single-frequency or broad-band (nano-FTIR) measurements. We demonstrate the capabilities of our approach by determining the frequency-dependent local dielectric permittivity of a PMMA film from nano-FTIR measurements, which shows an excellent agreement with the dielectric permittivity obtained by far-field ellipsometry.
Our approach is based on the standard theoretical description of s-SNOM, where the amplitude-and phaseresolved measurement of the scattered field is described by the scattering coefficient σ = E s /E i that relates the field E s scattered by the tip to the field E i incident upon it. 4 The field at the tip location can be written as (1 + r s )E i , where the reflection coefficient r s accounts for the reflection of the field at the sample surface (see Figure 1 ). This field polarizes the tip, yielding an effective dipole moment p = α eff (1 + r s )E i , where α eff is the effective polarizability of the tip that accounts for the near-field interaction between the tip and the sample. By reciprocity, the backscattered radiation of this dipole in the far field is E s = (1 + r s )p, that is, the dipole backscatters directly and via reflection at the sample surface. 4, 23, 24 The scattering coefficient can thus be written as
Note that the scattering coefficient is complex-valued, as the tip−sample interaction can produce a phase difference between E s and E i . There exist two major analytic models that describe α eff . The point-dipole model 4 (PDM, Figure 1b) regards the tip as a small sphere of radius R t and polarizability α 0 = 4π(ε t − 1)/(ε t + 2)R t 3 , with ε t being the permittivity of the tip material. The quasi-static solution of the scattering problem yields the effective polarizability
where
) is a function of the tip height H above the sample surface, and β = (ε − 1)/(ε + 1) is the quasi-static reflection coefficient that depends only on the sample permittivity ε.
The more sophisticated finite-dipole model (FDM, Figure  1c ) takes into account the elongated shape of the tip and models it within electrostatic approximation as a conductive spheroid. 24 In FDM, the effective polarizability can be written as
where the (height-independent) constant C and heightdependent functions f 0 (H) and f(H) are defined by the tip dimensions and material, particularly by the tip apex radius R t and an effective tip length L that is almost invariable among standard AFM tips (expressions for C, f 0 , and f are given in the Supporting Information). Equations 2 and 3 can be solved for β, and thus, ε can be found. However, the value of α eff required for such inversion is not directly accessible in s-SNOM because the scattering coefficient σ measured in experiments is dominated by background scattering. To suppress the unavoidable background and to extract the near-field interaction, the tip is oscillated vertically with a small amplitude of the same order of magnitude as the tip radius A ∼ R t ≪ λ, at a frequency Ω of a few hundred kHz (see Figure 1a ). The detector signal (which is proportional to the E s due to interferometric detection) is then demodulated at higher harmonics nΩ of the oscillation frequency, 6, 25 with n ≥ 2. The demodulation of the interferometric detector signal can be described by the complex Fourier transform of σ(H) with respect to time t, as the height depends on time, H = H(t), due to the vertical oscillation of the tip. 26 The nth Fourier coefficient
is proportional to the nth-order demodulated detector signal. In case the sample dielectric permittivity is known, σ n can be calculated and compared with s-SNOM data, which allows for an excellent quantitative description of measured data. 12, [17] [18] [19] 24, 27 However for an unknown sample, the extraction of ε presents a nontrivial theoretical problem 28−30 partially due to an essentially nonalgebraic relation between σ n and ε in eq 4. Below, we develop an analytic solution for this problem that is valid for samples with |β| ≲ 1 (we used ≲ to show that the actual limitation is |fβ| < 1, which allows β to be slightly larger than 1), which includes weak molecular oscillators 2 (polymers, biological matter). In eqs 2 and 3 describing the tip−sample near-field interaction, α eff depends on the sample dielectric permittivity only through β(ε). Furthermore, β only appears in products with (model-dependent) functions of the tip height H
In this case, Taylor expansion of α eff in eqs 2 and 3 in powers of fβ yields
where α (j) are the expansion coefficients. The height-dependent function f(H) in the expansion is less than unity for most s- SNOM experiments (see Figure S1 , Supporting Information). This improves the convergence of eq 6 and extends its applicability to materials whose β is slightly larger than 1, such as metals and doped semiconductors (apart from regions close to plasma or phonon resonance where |fβ| can reach unity and the expansion 6 diverges).
Equation 6 makes α eff separable in regards to the tip height H and sample permittivity ε (contained in β). The demodulation procedure, eq 4, affects only height-dependent functions f and α (j) , resulting in σ n also being separable. The latter for n ≥ 1 is
The accuracy of the resulting solution can be controlled by the expansion order J.
A typical s-SNOM experiment, however, does not directly yield σ n but measures the quantity Tσ n , where T is the response function of the setup. T includes, among other things, the detector responsivity. To eliminate T, the detector signal is normalized to a reference signal obtained on a sample with well-known optical properties. This yields the complex-valued near-field contrast η n η σ σ = n n n,ref (9) At demodulation orders of n > 2 and sufficiently small tip oscillation amplitudes A, background contributions are typically fully suppressed, 4, 6, 10, 25 yielding a pure near-field contrast. We note that due to the complex-valued normalization, the argument of η n yields the relative phase between the nearfield signal of the sample compared to the near-field signal of the substrate.
For samples that constitute an optically thin film (thickness Δ ≪ λ) deposited on a thick substrate (see Figure 1) , the farfield reflection coefficient r s is almost unaffected by the film presence (see Figure S3 , Supporting Information). By taking the reference measurement on the substrate, we obtain
where α eff,ref is the effective polarizability that corresponds to the reference measurements. Because the permittivity of the reference is known, α eff,ref does not have to be expanded but can be calculated exactly (within the validity of the tip−sample interaction model). This in principle allows for treatment of near-field contrasts with any substrate. In the simplest case of J = 1, eq 10 simplifies to
from which one immediately recovers the fundamentals of nano-FTIR absorption spectroscopy. 21 Indeed, eq 11 states that in the first approximation, s-SNOM measures the quasi-static reflection coefficient β. β is analogous to Fresnel reflection coefficients in electrodynamics that are typically purely real and acquire imaginary parts (and, therefore, phase) at frequencies near absorption lines in the sample's spectrum. According to eq 11, Im(η n ) ∝ Im β, and thus, the Im[η n (ω)] in nano-FTIR matches well with the FTIR absorption spectra that directly relate to the absorption coefficient κ(ω) = Im(ε(ω) 1/2 ) ∝ Im[β(ω)]. We can conclude that Im[η n (ω)] yields the local absorption of the sample and thus have defined a n (ω) = Im[η n (ω)] as nano-FTIR absorption. 21 Note that relation 9 does not depend on a particular model (i.e., is model-free) because all model-dependent functions f and α (j) have canceled out in eq 11. We also emphasize that to perform material identification according to far-field FTIR databases, one has to measure a n rather than the phase ϕ n = Arg(η n ) as previously suggested. 22 , 31 As we demonstrate below, a n represents a better approximation for κ than ϕ n .
To compare different near-and far-field quantities, we performed nano-FTIR measurements on a 200 nm thick poly(methyl methacrylate) (PMMA) film deposited on a CaF 2 substrate. To this end, we employed a commercial s-SNOM (Neaspec GmbH) and a standard Au-coated AFM tip (apex radius R t ≈ 30 nm) oscillating at Ω = 115 kHz and with a 50 nm amplitude. The tip was illuminated by a coherent broadband mid-infrared beam from a difference frequency generator 32 with beam parameters and the configuration of the illumination similar to those in ref 21 . The backscattered light was analyzed with an asymmetric Fourier transform spectrometer, providing complex-valued near-field spectra. The spectra of PMMA were obtained less than 200 nm from the film edge and have been normalized to those measured on CaF 2 (see Figure 2a,b) , yielding the local complex-valued nearfield contrast (Figure 2c,d) .
In Figure 3 , we compare the nano-FTIR absorption a 3 (ω) and phase ϕ 3 (ω) with the absorption coefficient κ(ω) obtained by conventional FTIR spectroscopy. In all spectra, the resonance peak corresponding to the stretching of the CO bond of PMMA is clearly seen. The peak position in a n (ω) agrees well (within 2 cm −1 ) with the peak in κ(ω), while the peak in the phase ϕ 3 (ω) spectrum is shifted by about 7 cm −1 , which could lead to the misidentification of materials.
We now invert eq 11 to find the first-order approximation for β and determine ε according to eq 8. For the inversion, we have used the permittivity of ε CaF from ref 33 . The result is depicted in Figure 4 . The derived values of ε differ by up to an order of magnitude from the reference ellipsometric measurements. 34 This demonstrates that the first-order approximation J = 1 is inappropriate for the quantitative determination of the local sample permittivity. Additionally, β = β ref η n (and thus the obtained ε) depends on the demodulation order n (and, in fact, the tip oscillation amplitude) due to such dependence of the near-field contrast. 6, 35, 36 For determining ε quantitatively, we seek a more accurate solution for β from eq 10. To that end, we increase the expansion order J until the change in the obtained permittivity from one expansion order to another is less than a desired accuracy (in the following, J = 9, and the corresponding relative error in permittivity is <5 × 10 ; see Figure S2 , Supporting Information). Figure 5 displays the permittivity of PMMA inferred using the PDM and FDM. We observe an excellent agreement between the FDM result and the dielectric permittivity of PMMA derived from ellipsometry. The FDM model parameters are L = 600 nm, 17 A = 50 nm, and R t = 30 nm (a brief description of model parameters and the corresponding expressions for computing permittivity can be found in the Supporting Information). We note, however, that the result is almost insensitive to the variation of these parameters. The inversion based on PDM yields a less accurate permittivity.
The local absorption coefficient κ(ω) (dashed red curve in Figure 3 ) can now be computed from the permittivity obtained from nano-FTIR measurements. We find that not only the position of the resonance peak but also the shape of the spectral line is now in excellent agreement with the far-field measurements.
In eq 10, we have neglected the modification of far-field reflection from that of the bare substrate due to film presence. The far-field reflection can be accounted for perturbatively. One first finds ε according to the procedure shown above, which allows for computing the r s (for a particular film thickness). The inversion is then repeated with r s retained in eq 10. We have performed such refinement for our film (with thickness obtained from the sample topography, Figure 2b ) and found that the correction in ε around resonance is ≤5%, while off-resonance, it is well below 1% (see Figure S4 in the Supporting Information).
The results presented here employ two widely used models of tip−sample interaction in which the film is assumed to be transversely infinitely extended. Because the field localization around the tip apex is typically on the order of the tip radius, 10, 37 we expect our approach to apply well to nanoobjects that are larger than this size. The sensitivity to the vertical composition of the film, however, can extend to the depths of several tip radii, 23,38−40 with corresponding limitation on the smallest thickness of studied nano-objects. In the employed experimental setup, objects with dimensions ≳ 200 nm can be investigated, which we estimated from the invariance of the PMMA spectrum beginning 100 nm away from the film edge. 21 Further reduction of object sizes can be performed by employing sharper tips 38 and smaller tip oscillation amplitudes. 36 In summary, we have presented a technique for extracting the local complex-valued dielectric permittivity and the absorption coefficient of a thin film from s-SNOM images and nano-FTIR spectra. Our approach is based on the direct inversion of the near-field scattering problem and does not require a model for the sample permittivity, which is typically associated with computationally intense and noise-sensitive minimization procedures. It directly returns the real and imaginary parts of permittivity without relying on Kramer's−Kronig relations 41 and thus allows for the determination of complex-valued dielectric permittivity from single-frequency measurements. Our work lays the foundation for quantitative optical imaging and spectroscopy of materials on the nanometer scale, which opens new frontiers for chemometrics, materials and biosciences.
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